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. 

Extensive research in to  the use of the human foot-balancing re- 
f l e x  fo r  control of vehicles i n  the 
extrapolat ion of the concept t o  i t s  use f o r  Extra Vehicular Act ivi ty  
(EVA), the maneuvering of f ree-f loat ing spacemen. 
program i n  which zero-gravity w a s  simulated for  three degrees of f ree-  
dom i n  the horizontal  plane has proved the basic  u t i l i t y  of t he  idea 
and provided a model for  the preliminary design of a prototype, EVA 
control  system. 

one-g environment has led t o  an 

An exploratory 
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The use of the human balancing r e f l ex  for  vehicular control  w a s  

H i s  cen t ra l  t hes i s  was tha t  the learned pat tern of ref lexes  
publ ic ly  propounded by Charles Zimmerman of the  NACA i n  the ear ly  
195O1s. 
used by a person i n  standing i s  e s sen t i a l ly  the same as t h a t  required 
t o  balance a force-vector supported platform, and hence should be 
d i r e c t l y  applicable t o  the control of hovering type vehicles.  
concept and i ts  simple but dramatic demonstration by Zimmerman 
(Ref. 1) piqued the imagination of a grea t  many aeronautical  engi- 
neers and led short ly  t o  several  experiments with free-f lying p l a t -  
forms of various sor t s .  There w e r e ,  f o r  example, the ducted-fan 
machine of H i l l e r  (Ref. 2), the stand-on hel icopter  of DeLackner 
( the "Aerocycle" tes ted  by Princeton University, Ref . 3) ,  and several  
research-oriented devices b u i l t  by the NACA (Refs . 4 and 5) . 

This 

Since t h a t  i n i t i a l  period of ac t iv i ty ,  engineering in t e re s t  has 
waned, probably for  lack of def in i t ive  information on optimum usage 
of the human balancing ref lex,  and the concept has made only sporadic 
appearances i n  one or  another embodiment; for  example, the "lunar 
scooter" studied by North American, (Ref. 6 )  and the "Jet-Shoes" de- 
veloped by NASA-Langley (Refs. 7 and 8 ) .  Grumman Research, however, 
has maintained a constant enthusiasm f o r  the concept and has kept a 
small but steady e f f o r t  going i n  the study of i t s  appl icat ion t o  
various classes  of vehicle and i t s  s ignif icance t o  the fundamental 
understanding of human vehicular control  behavior. This work, par- 
t i a l l y  supported by the NASA, is described i n  Refs. 9 through 12. 

A f a i r l y  extensive discussion of the advantages and potent ia l  
appl icat ions of the balancing-reflex concept i s  given i n  Ref. 9. Of 
the items mentioned there,  one of the most timely i s  the appl icat ion 
t o  propulsion and control of t he  f ree-f loat ing spaceman. 

The d i f f i c u l t i e s  encountered by a spaceman i n  attempting t o  do 
any s igni f icant  amount of useful work outside h i s  vehicle  a re  by now 
w e l l  documented; they c lear ly  stem from h i s  i n a b i l i t y  t o  es tab l i sh  
and maintain a required or ientat ion of h i s  body with respect t o  a 
" target"  object without resor t ing t o  the use of clumsy res t ra in ing  
devices, dexter i ty  prempting hand holds, and deb i l i t a t ing  body con- 
tor t ions .  
and de l ica te  means of controll ing h i s  body or ientat ion t h a t  nei ther  
encumbers h i s  hands nor requires him t o  f igh t  h i s  unyielding pressure 
s u i t .  Adaptation of the  natural ,  body-orienting responses of the 
f e e t  and legs  t o  the modulation of appropriately located thrus te rs  
appears t o  be a way t o  provide t h i s  means rel iably,  cheaply, and 
simply. 
direct ion.  

Clear ly ,  what the spaceman needs is  a reasonably powerful 

The present document describes some preliminary work i n  t h i s  
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CHRONOLOGY OF THE DEVELOPMENT OF A SYSTEM 

The development of a system f o r  adapting natural ,  neuromuscular, 
body-orienting responses t o  the control of body-orienting th rus t e r s  
f o r  spacemen is ,  almost by definit ion,  exploratory and experimental 
i n  nature. The par t icu lar  problems and p i t f a l l s  l i k e l y  t o  be encount- 
t e r ed  cannot be predicted and so t h e  work must proceed i n  a stepwise 
manner, each s tep  directed by the experience obtained from the  pre- 
ceding ones. The following discussion is  a chronology of the s teps  
that  have led, i n  the present case, t o  a workable EVA control  con- 
f igurat ion.  

Simulators 

Many ways of simulating zero-g have been used or  suggested, but 
of course a l l  have drawbacks of one kind or another. Water immersion, 
f o r  example, produces large viscous forces  and i s  not completely free 
of grav i ty  e f fec ts ,  cable suspension becomes involved with complica- 
t ed  pendulum dynamics, and so forth.  

For the resources a t  hand, the most p rac t i ca l  compromise w i t h  
r e a l i t y  appeared t o  be a three-degree-of-freedom simulation based on 
f r i c t i o n l e s s  motion i n  the  horizontal  plane. The par t icu lar  combina- 
t i o n  of degrees of freedom obtainable i n  a plane (two t rans la t ions  
and one ro ta t ion)  i s  reasonably defensible fo r  exploratory work i n  
zero-g simulation. It does provide a log ica l  s o r t  of consistency, a 
representat ion of the  complete job of "gett ing around" i n  space 
( a l b e i t  two-space r a the r  than three) . 

O f  the  three possible configurations f o r  planar motion of the 
human body, the  one involving pitch ro t a t ion  (see Fig. 1) appeared 
t o  be the  most appropriate fo r  i n i t i a l  exploration. Thus the simu- 
l a t o r  o r  "scooter, 
a r t i c u l a t e d  bed, car r ied  by two levapad (air-bearing) supported tri- 
pods, upon which a person recl ines .  Although designed primarily t o  
accommodate a man lying on h i s  s ide  as shown i n  Fig. 2, the  device 
can be adapted readi ly  t o  the supine posit ion.  The special  f l oo r  on 
which the  scooter g l ides  i s  made of epoxy p l a s t i c  poured over a con- 
crete base, and i s  about 30 f e e t  square, a more or  less a r b i t r a r y  
compromise between des i rab i l i ty ,  ava i l ab i l i t y ,  and expense. 

11 as it came to be called,  took the form of an 

Although the  scooter could have been adapted t o  the  standing 
posi t ion fo r  examining yaw, it w a s  not p rac t i ca l  t o  do so. 
fore ,  a separate yaw simulator, a simple ro ta ry  device, w a s  b u i l t  f o r  
t h i s  purpose (see Fig. 3) . 

There- 
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Fig.  1 The Rotat ional  Axes 

In  a l l  of the  exploratory 
work ca r r i ed  out t o  date,  the ex- 
perimenters have served as the  
primary f l y e r s  and evaluators .  
Numerous others ,  including experi-  
enced p i l o t s ,  however, have flown 
the  simulators i n  var ious control  
configurations,  and t h e i r  impres- 
s ions coincide general ly  with 
those expressed i n  the  following 
sect ions.  No astronauts  have as 
ye t  par t ic ipa ted .  

The Original  Control Conf ieurat ion 

The one-g, balancing-reflex 
concept, i n  i t s  most elemental 
form, makes use of a s ingle ,  sup- 
port ing th rus t e r  which, with the  
a i d  of gravi ty ,  gives the f l y e r  
cont ro l  of f i v e  degrees of f ree-  
dom. It i s  the very essence of 
e legant  s implici ty .  Thus it i s  Fig. 2 The Basic Scooter 
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not at a l l  surprising that ex- 
trapolation of the idea to zero-g 
applications should center on 
basically the same configuration. 
This was in fact the case for the 
initial effort at Grumman, and the 
idea still prevails in the NASA 
Jet-Shoes work (Refs. 7 and 8). 

Unfortunately, the very first 
simulator trials demonstrated 
quite clearly that the simple con- 
figuration could not provide what 
the Grunnnan research philosophy 
had established as a design goal: 
natural (unconscious), precise 
control of the body in space. An 
immediate and clear symptom of the 
problem was a complete absence of 
any feeling of "balancing," in the 
automatic sense which is typical 
of one-g jet-platform flying. . 

Consequently there was no delicacy 
of control. The reasons for this 
(obvious in retrospect) also be- 
came quite clear. First, the 

\ I  
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Fig. 3 Yaw Control Simulator 
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amount of th rus t  needed fo r  f a i r l y  sp i r i t ed  maneuvers w a s  very small 
(less than f ive  pounds), hence the  system gain, i.e., angular accel-  
e r a t ion  per degree of ankle deflection, w a s  extremely low, orders of 
magnitude below the optimum for  one-g balancing (as es tabl ished by 
Ref. 9). Second, th rus t  was required only fo r  br ief  periods, hence 
pi tching responses did not inexorably follow ankle motions, as i n  the 
one-g j e t  platform, and there could be no sustained "feel"  of the 
system. 

Besides the basic balancing problem demonstrated by the br ief  
series of experiments with the je t -platform configuration, a more 
subt le  d i f f i c u l t y  began t o  come t o  l i gh t .  
been that ,  i n  the absence of gravi ty  (combining vec tor ia l ly  with 
th rus t  for  forward motion; "walking" mode), t ranslat ions would be ac- 
complished primarily i n  a "swimming" mode (head o r  f ee t  f i r s t )  , with 
up-and-down thrus t  controlled by knee flexing. It began t o  be ap- 
parent, however, t h a t  people have a natural  inhibi t ion against  t ravel-  
ing any distance head-f i rs t  o r  f e e t - f i r s t ;  a f lye r  i n s i s t s  t ha t  he 
must be able  t o  look i n  the direct ion of motion, and i f  he cannot, as 
when he i s  inside a space sui t ,  he becomes not only apprehensive, but 
f a u l t y  i n  h i s  judgment of direct ion and speed. In l i g h t  of the c lear  
and inescapable conclusion regarding adherence t o  the Grumman objec- 
t i ves ,  some commentary on the apparent success of the Jet-Shoes con- 
cept (Refs. 7 and 8) i s  i n  order. A s  f a r  a s  can be determined, the 
NASA personnel have adopted a qui te  different ,  but equally val id ,  set 
of ground rules .  They, too, appear t o  have uncovered the  same basic  
problem ea r ly  i n  t h e i r  experimentation, but they have chosen t o  sac- 
r i f i c e  the high degree of control f inesse inherent i n  na tura l  bal- 
ancing i n  favor of the extreme s implici ty  of Jet-Shoes. Their objec- 
t i v e  has become simply t o  provide the spaceman with a cheap and 
reasonably e f fec t ive  way of get t ing from one place t o  another, not t o  
give him precision control when he ge ts  there.  A s  f a r  a s  i s  known, 
they have not concerned themselves with the swimming-mode visual  
problem. 

The or ig ina l  thinking had 

Control Configurations Two and Three 

Following such abject  but eye-opening f a i l u r e  of the s i m p l e  con- 
cept t o  behave i n  zero-g even vaguely according t o  objectives,  a 
ce r t a in  amount of backtracking seemed t o  be necessary. The thinking 
had been along the l i nes  that  the  simple jet ,  somewhat elaborated, 
might serve the complete control and propulsion function, as it does 
i n  one-g. It now appeared, however, t h a t  control of the various 
degrees of freedom would have t o  be separated and, perforce, evalua- 
ted one a t  a t i m e .  Pi tch control, which i s  the  most c losely asso- 
c ia ted  with balancing, seemed t o  be the appropriate function t o  look 
a t  f i r s t ,  and the scooter was therefore  reworked t o  provide for  a 

5 



pair of crosswise (fore-and-aft) 
thrusters, located near the feet, 
and controlled, roughly propor- 
tionally, by a, valve actuated 
mechanically by ankle deflection. 
Photographs of the configuration 
are shown in Fig. 4 .  

Fig. 4 Ankle Pivot and 
Thruster Arrangement 
for Configuration 2 
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The previous experiments had c l e a r l y  brought out t he  need f o r  
higher  system gain, but  j u s t  haw high it should be w a s  moot. 
one-g 
of 
but  conceivably t h i s  value might not  be i n  any way r e l a t e d  t o  the re- 
quirement f o r  zero-g f l i g h t s .  A simple s ide  experiment using the 
research apparatus of Ref . 11, su i t ab ly  modified (Fig. 5) , indicated 
t h a t  t he  .1 g per degree value was probably va l id .  It turned out, 
however, t h a t  achievement of t h i s  value on the  zero-g simulator,  
without the  introduct ion of inordinate  amounts of f r i c t i o n  and back- 
lash,  w a s  almost impossible. Therefore a compromise value of about 
.01 g per degree was set up. Results w e r e  encouraging; a fee l ing  of 
balancing, though weak, w a s  now c l e a r l y  evident.  
evident  t h a t  the  gain was s t i l l  f a r  from sa t i s f ac to ry ,  and t h a t  
t he re  w a s  a maneuvering problem i n  which the unbalanced forces  pro- 
duced by the  th rus t e r s  during moderate r o t a t i o n a l  maneuvers b u i l t  up 
a disconcert ing spurious t rans la t ion .  

For 
f l i g h t  Ref. 9 had establ ished an optimum gain i n  the  v i c i n i t y  

.1 g accelerat ion a t  the feet per degree of ankle def lect ion,  

But it was a l s o  

The lessons learned from the 
second configurat ion led  t o  t r i a l  
of Configuration 3 i n  which the 
s ing le  force w a s  replaced by a 
couple, and the  system gain was 
quadrupled by increasing the 
t h r u s t e r  moment a r m  and a l t e r i n g  
t h e  control-valve linkage. The 
r e s u l t s  of these changes, measured 
i n  t e r m s  of p r io r  experience, w e r e  
spectacular ;  p i tch  a t t i t u d e  con- 
t r o l  became e n t i r e l y  na tura l  and 
e f f o r t l e s s ,  permitt ing angular Fig.  5 One-g Simulator a s  
displacements t o  be made with p r e -  Modified f o r  "Zero-g" 
c i s ion ,  and ''tumble" recoveries t o  Trials  
be executed smartly. R o l l  control,  
b r i e f l y  invest igated with the  f l y e r  lying on h i s  back, looked equal ly  
good. F r i c t ion  and dead zone in the  linkage, however, had been in-  
creased by the  gain-changing a l t e r a t ions ,  and the  dramatic elimina- 
t i o n  
e spec ia l ly  dead zone, which had never r e a l l y  been encountered before 
i n  any of t he  one-g balancing experiments of Refs. 9 and 11. 

of  other  f a u l t s  now caused these t o  s tand out very c lear ly ,  

The Fourth Control Configuration 

With the encouraging r e s u l t s  achieved for  p i t ch  control  alone, 
it seemed appropriate  t o  tu rn  a t t en t ion  t o  the  two t r ans l a t iona l  de- 
grees  of freedom: fore-and-aft and up-and-down. 

7 



There has been general agreement, dating back t o  the one-g jet 
platform work of Ref. 9, t ha t  "squatting" might be an appropriate 
mechanism for  control of up-and-down thrust .  Here, upward accelera- 
t i o n  would be the natural  and expected response t o  extension of the 
legs,  and downward acceleration t o  re t rac t ion ;  the proper direct ion 
of response i s  clear  and unambiguous. There is, .however, a question 
about how the body def lect ion should be measured for  t r ans fe r r a l  t o  a 
th rus t e r  control  valve. The simplest arrangement seemed t o  be t o  
pick up knee flexing a t  the appropriate j o i n t  i n  the simulator bed. 

In  an analogous fashion, waist-bending appeared t o  be an appro- 
pr ia te  mechanism fo r  the control of fore-and-aft thrust ,  but i n  t h i s  
case the  choice of direct ion of the  response depends s t rongly on 
one' s point of view. I f  one thinks i n  t e r m s  of leaning the upper 
body (buttocks f ixed t o  the ground), then forward bending should pro- 
duce forward motion. But i f  one adopts a "baby-walker" point of view 
i n  which the f e e t  are fixed t o  the ground and the  torso i s  propelled 
back and for th  by the legs, then baclward bending (backward thrus t  of 
the  legs) should produce forward motion. The former arrangement 
seems t o  have a m o r e  elemental psychological appeal, and cer ta in  
forms of human behavior can be pointed t o  i n  i t s  support, e.g., the  
tendency of a highly involved observer of some act ion t o  
object  toward a desired goal by leaning. The latter arrangement, on 
the other  hand, i s  an exact analog of the clear-cut,  v e r t i c a l  motion 
case, where the legs a l so  propel 
the torso i n  the desired direc- 
t ion . 

I1 urge" an 

This philosophical contro- 
versy i s  perhaps resolved by con- 
s ider ing tha t  even i n  the baby- 
w a l k e r  case the motion tha t  m- 
t i a t e s  an act ion i s  a lean i n  the 
desired direct ion.  It i s  t h i s  
unconscious, precursor type of 
muscular response t h a t  would be 
expected t o  provide the most 
na tura l  mechanism for  control  of 
t he  body. For Configuration 4 ,  
then, the body-lean philosophy 
w a s  adopted. Waist flexure, 
measured between the  thigh and 
torso,  w a s  picked up for  trans- 
f e r r a l  t o  the a i r  valve mechanism 
by a lever extending between the  
upper and lower halves of the 

Cmfiguratim 4 

4 simulator bed. A system gain of -Cr%-: 
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about 14 pounds of th rus t  (or 1/300 g) per degree of body deflec- 
t i o n  w a s  selected for  both t ranslat ional  control  modes on the basis  
of p rac t i ca l  valve-linkage considerations. 

Simultaneous operation of a l l  three control modes became f a i r l y  
successful a f t e r  a l i t t l e  practice,  but a single,  glar ing deficiency 
in te r fe red  with natural  control. The manner of picking off w a i s t  
bending required tha t  thigh motion be reserved exclusively f o r  fore- 
and-aft control,  thereby precluding the use of t rue  squatting f o r  
up-and-down control. Unfortunately, pure knee f lexing turned out t o  
be a highly unnatural subst i tute  fo r  squatt ing; unless the f lye r  put 
h i s  mind t o  it, he invariably squatted f o r  up-and-dm commands, 
causing a most disconcerting, concomitant, fore-and-aft response. An 
occasional tendency t o  become confused i n  the use of the  t ransla-  
t i o n a l  controls can probably be a t t r i bu ted  t o  t h i s  cross-coupling e f -  
fec t ,  and it w a s  interest ing t o  note tha t  dead zone (detrimental i n  
the pr ior  experiments) now seemed t o  be he lpfu l  fo r  reor ientat ion 
a f t e r  a period of momentary confusion, ra i s ing  the question of 
whether some s o r t  of tangible neutrals  might be desirable.  

It w a s  qui te  c lear  t h a t  pi tch control  remained good o r  perhaps 
even improved a b i t  when the f lyer  became preoccupied with h i s  t rans-  
l a t i o n a l  controls,  which plainly demonstrated the value of "natural" 
neuromuscular mechanisms i n  t h i s  application. 

Although very l i t t l e  body motion could be seen, the t ransla-  
t i ona l  control  gains w e r e  judged t o  be f a r  too l o w ,  even lower than 
the  ro t a t iona l  gain, and there w a s  a d i s t i n c t  feel ing of disharmony 
between the modes. 

Configuration Five: A Success 

Configuration 5 might be considered a kind of culmination, be- 
cause it represented for  the first t i m e ,  a t r u l y  workable system fo r  
spaceman maneuvering. On the  simulator, the control  valve linkage 
geometries had been modified t o  e l i m i n a t e  cross coupling between 
squat t ing and w a i s t  bending, and provision had been made fo r  center- 
ing springs and detents on a l l  th ree  controls.  Mechanical consider- 
a t ions  did not permit any appreciable increase i n  the system gains 
over those used i n  Configuration 4 ,  so the  same questions concerning 
gain and gain harmony remained, but it turned out t ha t  the elimina- 
t i on  of t rans la t iona l  control  cross coupling provided such a dramatic 
increment i n  naturalness t h a t  the gain problem l o s t  much of i t s  im- 
mediacy; the system, even w i t h  i t s  low, inharmonious gains, became 
workable . 
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The scooter  as shown i n  
Fig.  6 w a s  f a i r l y  extensively 
flown i n  simulated space t a sk  
maneuvers, and a number of impres- 
s ions 2bout i t s  f l y a b i l i t y  under 
var ious conditions emerged: 

1) A l l  th ree  modes of con- 
t r o l  (ankle def lect ion,  squatt ing,  
and w a i s t  bending) can be handled 
q u i t e  nicely,  but with varying de- 
grees  of apparent naturalness .  
The r e l a t i v e l y  low gains  of the 
t r a n s l a t i o n a l  modes a l m o s t  cer-  
t a i n l y  contr ibute  t o  t h e i r  lower 
qua l i ty ,  but  there  i s  a powerful 
experimental a r t i f a c t  t h a t  must 
raise ser ious doubt about any 
has ty  judgment OE control  natural-  
ness.  This has t o  do with the 
sound of t he  control  jets,  which 
i s  loud, disconcerting, and of ten 
downright confusing. Because 
maneuvering is  typ ica l ly  slow and 
de l ibera te ,  the not ion cues (vis- 
u a l  and proprioceFtive) by which a 
f l y e r  should operate,  are weak and 
e a s i l y  swamped by strong au ra l  
cues. Unfortunately there  i s  a 
very s t rong urge, espec ia l ly  i n  
the  novice, t o  try t o  use the j e t  
noise  cues for  f lying.  This can, 
i n  f a c t ,  be done f o r  very s i q l e  
maneuvers, but the sounds 'Jecorne 
hopelessly confusing i n  complex 
s i tua t ions ,  and the  f l y e r  who has 
begun t o  r e l y  on them often f inds 
himself i n  a panic, unable (momen- 
t a r i l y )  t o  f igure  out what t o  do. 
It requi res  a s t rong e f f o r t  of 
w i l l  f o r  t he  novice t o  ignore the 
sound and a t t end  only t o  the 
proper s igna ls .  Once he h a s  
learned t o  do t h i s ,  however, h i s  
f l y ing  becomes much more inst inc-  
t ive  . 

Configuration 5 

Fig. 6 The Scooter Arranged for  
Proport ional  Control 

10 



2) Centering springs on the controls are, i n  general, bene- 
f i c i a l ;  they make it eas ie r  for  the  f lyer ,  especial ly  the novice, 
t o  f ind  neutral .  Detents, in  the form of preloads on the springs, 
a r e  a lso useful.  A cer ta in  amount of care i n  the select ion of 
spring rates and detent loads must be used, however, lest the f ly-  
er ' s  natural  coordination of hip and knee flexing i n  squatting be 
upset and, more c r i t i c a l l y ,  lest  the subjective values of system gain 
be reduced. 

It turns out, i n  t h i s  respect, t ha t  a f l y e r ' s  interpretat ion of 
gain seems t o  be based on some over-al l  feel ing of "effor t"  required 
t o  obtain a given response. 
i n  terms of "acceleration per un i t  of e f fo r t , "  but it i s  not c lear  
j u s t  how a f lye r  senses accelerations or how he defines "effor t ."  
Apparently, e f f o r t "  represents some combination of force and dis-  
placement, but j u s t  what; combination i s  qui te  unknown. I ts  mathe- 
matical  describing function undoubtedly i s  one i n  which the r e l a t i v e  
contributions of force and displacement t o  the subjective impression 
of gain change d ras t i ca l ly  with the spring r a t e ,  ranging from a l l -  
displacement a t  zero spring rate t o  a l l - force  a t  i n f i n i t e  spring 
r a t e .  A determination of t h i s  function f o r  the various control modes 
could become the objective of some in te res t ing  addi t ional  experimen- 
ta t ion .  

Comparison of the flying charac te r i s t ics  of the  scooter with and 
without centering springs i s  of some i n t e re s t .  It turns  out t ha t  the  
novice i s  much more comfortable, and maneuvers more s k i l l f u l l y ,  with 
springs,  but the experienced f lye r  apparently does equally w e l l  
e i t h e r  way, and, i n  fac t ,  i f  there  i s  appreciable dead zone i n  the 
control  system, may ac tua l ly  prefer  no springs. Probably, as pre-  
viously discussed, t h i s  i s  because the expert i s  able  t o  ignore the 
sound of small residual  j e t  flows resu l t ing  from h i s  imprecision i n  
neutral iz ing the valves. Such flows, though of negl igible  e f f ec t  on 
maneuvering, are qui te  audible, hence d i f f i c u l t  for  the novice t o  
ignore, and l i k e l y  t o  cause h i m  t o  go through a great  deal of un- 
necessary s t ruggle  t o  eliminate them. Thus he prefers  the springs, 
which permit  him t o  shut off h i s  j e t s  completely simply by relaxing. 
The expert, on the other hand, tends t o  be annoyed by the springs 
because they demand more e f for t ,  par t icu lar ly  i f  there  i s  a large 
dead zone t o  be pushed through before the jets come on. 
thought now returns  c losely t o  the previous discussion about the 
meaning of "effor t"  i n  the operation of the control  system. 
pert's objection t o  the e f f o r t  required t o  manipulate the springs 
appears t o  be based not so  much on muscular "laziness" - forces (a 
pound o r  two) are, a f t e r  a l l ,  f a r  lower than people handle rout inely 
without complaint - as on some s o r t  of "control quickness" factor ;  
i n  other  words, "effor t"  seem t o  r e f e r  more t o  subt le  d i f f i c u l t i e s  
with the response character is t ics  of the system (including the neuro- 
muscular par t ) .  I f  t h i s  i s  i n  f a c t  the case, the general study of 

Thus gain ought r e a l l y  t o  be expressed 

I1 

This l i n e  of 

The ex- 
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gain  previously suggested becomes a l l  the  more intr iguing,  and pos- 
s i b l y  qu i t e  important t o  the  design of optimum systems. 

3) Control power levels required fo r  useful  maneuvering are 
remarkably low. Maximum thrus ts  and torques typ ica l ly  used on the  
scooter  (although more i s  avai lable)  are about 5 pounds and 15 foot-  
pounds, respect ively which t r a n s l a t e  t o  about 2 pounds and 4 foot-  
pounds i n  the  r e a l  spacef l ight  s i t ua t ion ,  where the  t h r u s t e r s  do not 
have t o  move the considerable mass of the scooter.  Such lot~7 values 
are c e r t a i n l y  s ign i f i can t  t o  the design of a p r a c t i c a l  system. 

c 

On-Off Control 

There are two, potent ia l ,  major advantages t o  the use of 
ope ra t ion in  the preser,t appl icat ion:  t h rus t e r  control  map be 
p l e r ,  and f u e l  s p e c i f i c  impulse may be grea te r .  Thus the-  f l y  
q u a l i t i e s  of on-off control  sys tems are of some importance t o  

on-of f  
s i m -  
ng 
the  

over -a l l  p ic ture  . 
The simulator was modified f o r  on-off control  experimentation 

- by the  addi t ion of a solenoid-operated a i r  valve behind each th rus t e r  
nozzle, and short  throw, l o w  force, snap switches a t  each body motion 
pickoff point .  Nozzles of various diameters were provided f o r  each 
t h r u s t e r  t o  permit examination of the  e f f e c t  of t h r u s t  level. V i s w s  
of t h e  scooter as it  was thus set up a r e  shown i n  Fig. 7.  

I n i t i a l  t r i a l s  of the on-off 
system used th rus t  l eve l s  of 1.03 
pounds fo r  the  t r a n s l a t i o n a l  
modes, and a torque l eve l  of 15 
foot-pounds for  the p i t ch  mode. 
Centering spr ings and detents  a s  
i n  the  proport ional  control  ex- 
periments w e r e  used, and the  ' ' o f f"  
zones of the controls  w e r e  made 
f a i r l y  large.  The f l y a b i l i t y  of Fig. 7 The Scooter i n  Its Final  
t h i s  arrangement turned out t o  be Configuration 
much b e t t e r  than expected, but 
several def ic iencies  stood out q u i t e  clearly.  For one, the "off"  
zones w e r e  f a r  t o o  large,  giving a subject ive impression resembling 
unduly low gain i n  the proportional system. Secondly, there  was an 
annoyingly la rge  hys te res i s  i n  t h e  switching arrangement, which 
created the  e f f e c t  of requir ing a pos i t ive  e f f o r t  t o  shut off a 
t h r u s t e r  once it had been turned on. Because of the f l y e r ' s  neuro- 
muscular time lag  t h i s  put a noticeable  lower l i m i t  on the minimun: 
durat ion of a t h r u s t  burs t  (perhaps second), r e su l t i ng  i n  constant 
overcontrol l ing and "limit-cycle" type of behavior during a t t empt s  a t  



. 

f. 1 deg 

N i l  

f 40 in.-lb 

18 in.-lb 

N i l  

f 23 l b  

de l i ca t e  maneuvering. And thirdly,  103 pounds of t h rus t  w a s  much 
too high, c l ea r ly  aggravating the hysteresis  problem and e s sen t i a l ly  
precluding precision control.  
pecul iar  dynamic in s t ab i l i t y ,  characterized by a high frequency 
(2 cps), l i m i t  cycle type of o sc i l l a t ion  i n  the waist-bending mode 
whenever the f lyer  arched back against  the spring j u s t  t o  the edge of 
switch closure. This phenomenon w a s  not par t icu lar ly  debi l i ta t ing  
because it occurred only ra re ly  and could be stopped by simply relax-  
ing, but i t  does i l l u s t r a t e  a potent ia l  problem with on-off systems 
t h a t  could very w e l l  d i c t a t e  such factors  as thruster  location, cen- 
t e r ing  spring sizes, and ''off" zone minima. 

This th rus t  level a l so  caused a 

Following these experiments, the "guilty" parameters w e r e  re- 
adjusted t o  the levels  shown in Table I. Fl ight  with t h i s  configura- 
t i o n  turned out t o  be remarkably good. Delicate maneuvers could be 
made with precision, and the flying, though done i n  a s t y l e  notice- 
ably d i f fe ren t  from tha t  of the proportional control  system, w a s  
qu i t e  natural  . 

Table I 

NOMINAL PHYSICAL CHARACTERISTICS 

Off Zone 

Fr ic t ion  

Turn-On Torque 

On- Off Dif fe ren t ia l  

Detent Torque 

Thrus t er Effor t  

Mass 
Scooter & Man 

Mom. of Ine r t i a  
Scooter & Man 

Ankle 

f lt deg 

N i l  

f 16 in.-lb 

4 in.-lb 

f 8 in.-lb 

f 15 f t - l b  

Knee I Waist 1 
f lt deg 

N i l  

k 45 in.-lb 

12 in.-lb 

f 30 in.-lb 

k 23 l b  

15 Slugs 

42 Slug-ft 2 
J 

A s  i n  the proportional control experimentation, configurations 
with and without centering springs behaved qui te  d i f fe ren t ly .  
before, springs benefi t ted the novice more than the exper t  and cal led 
f o r  reduction of the dead zones ( in  t h i s  case the "off" zones) . But, 
unlike the proportional case, springs seemed t o  be preferred by both 
expert  and novice. A strong tendency toward l imit-cycle type of op- 
e ra t ion  without springs is  the probable explanation. 

As 
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Although the  basic  control parameters ( thrust ,  "off" zone s ize ,  
and control-centering strength) have admittedly not been optimized, 
on-off control  has nevertheless been shown t o  be prac t ica l .  

Several subjective impressions regarding the r e l a t ive  behavior 
of on-off and proportional control systems have evolved: 

t 

. 

1) The character of the flying of the two systems i s  c l ea r ly  
d i f fe ren t .  
operation of the various controls with a consequent feel ing of con- 
t i n u i t y  and smoothness during complex maneuvers. On-off controll ing,  
on the other hand, seems t o  be done primarily sequentially,  so tha t  
maneuvering becomes a series of discreet  operations. (Of course, the 
actual f l i g h t  path i s  smooth and essent ia l ly  a s  precise a s  t h a t  of 
the  proportional system.) The feel ing of smooth continuity i n  pro- 
port ional  f lying i s  par t icular ly  s t r ik ing  and pleasant immediately 
a f t e r  t r ans i t i on  from an extended period of pract ice  i n  on-off con- 
t r o l .  This may, however, r e su l t  as m c h  from the  character of the 
j e t  sounds - which change from a cacaphony of brain stabbing b l a s t s  
t o  a modulated hiss ing - as from ac tua l  motion e f f ec t s .  

The proportional s y s t e m  seems t o  promote simultaneous 

2) Fas t  maneuvering i s  done more confidently with the propor- 
t i o n a l  system. 
la rger  th rus ts  t ha t  can be used a s  "safety margins" t o  compensate f o r  
any misjudgnents i n  speed. With the on-off control  only one level  of 
"braking" is  avai lable  and the f lye r  m u s t  therefore  be more s k i l l f u l  
i n  h i s  select ion of braking points, par t icu lar ly  i f  he i s  t rying t o  
operate  as smoothly a s  possible. Of course i f  the maximum propor- 
t i o n a l  th rus t  w e r e  not larger  than the  on-off value, t h i s  conclusion 
would be invalid,  and i n  f a c t  the proportional f l ye r  might have more 
t rouble  with f a s t  maneuvers i f  "running out of control  power" comes 
as a surpr ise .  

This undoubtedly stems from the a v a i l a b i l i t y  of 

The whole question of the des i r ab i l i t y  of f a s t  maneuvering i s  
complicated by the f a c t  tha t  veloci ty  i s  equivalent t o  f u e l  incre- 
ment, and it is  therefore desirable from the economy standpoint t o  
keep a l l  motion as slow a s  possible. On the  other hand, fac tors  such 
a s  the  l imi t s  of human patience o r  the need t o  get a job done quickly 
may overbear economy a t  some point. 
f a s t  mneuverabi l i ty  ought eventually t o  be examined i n  de t a i l .  It 
i s  clear ,  here, t ha t  control  pawer is  a strong parameter up t o  a 
point, but t ha t  human fac tors  such as a b i l i t y  t o  judge and predict ,  
and neuromuscular lags must enter the picture  sooner o r  later. 

Thus the parameters t ha t  govern 

On balance, proportional control appears t o  be generally be t t e r  
than on-off control,  but not so  much be t t e r  t h a t  some engineering 
consideration such as s i m p l i c i t y  of th rus te r  actuat ion might not 
specify the use of an on-off system. 
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Yaw Control and the Current Design Thinking 

For sone t i m e  the  Grumrr  idea has been t h a t  body-twist i s  the 
appropriate  na tu ra l  motion f o r  cont ro l l ing  yaw. 
proved, however, u n t i l  the  recent completion of the yaw control  s i m -  
u l a t o r  (Fig. 3 ) .  
and i s  s t r apped  t o  the "T" bar. Body-twist, which commands motor 
output torque, i s  measured a s  the angular displacement between the  
platform and t h e  bar,  and the  motor dr ives  e i t h e r  the  p i l o t ' s  f e e t  
(via t he  platform), o r  h i s  body (via the metal bar ) .  

It could not  be 

To use t h i s  device the  p i l o t  s tands on the platform 

Two important r e s u l t s  were dramatical ly  demonstrated during pre-  
F i r s t ,  yaw cont ro l  i s  j u s t  l iminary experiments with t h i s  simulator.  

as na tu ra l  as p i t ch  and r o l l  control .  
I 1  flown" the  simulator have not required any learning. The other  i m -  
por tant  r e s u l t  i s  t h a t  dr iving the  f e e t  provides the  p i l o t  with more 
n a t u r a l  force feedback than driving the  body, and thereby r e s u l t s  i n  
a much more i n s t i n c t i v e  and precise  control .  This r e s u l t  l e d  t o  a 
b r i e f  reevaluat ion of p i t ch  control  on the  scooter,  with pi tching 
torques applied t o  the  f e e t .  Here again, applying torques t o  the 
f e e t  w a s  found t o  be superior .  The r e s u l t s  of these preliminary ex- 
periments ind ica te  t h a t  a f r e e  f l o a t i n g  spaceman's cont ro l  mechanism 
should apply forces  and torques d i r e c t l y  t o  the  f e e t  and legs .  

In  f ac t ,  the  p i l o t s  who have 

F i g .  8 Design f o r  EVA Control 
Sys t e m  

This philosophy has been ap- 
p l i e d  t o  the  preliminary design of 
a prototype f l i g h t  system. An 
a r t i s t ' s  conception of the system 
as it  i s  cur ren t ly  envisioned i s  
shown i n  Fig. 8. It provides the 
f i v e  separate  modes of control  
t h a t  have been discussed (pitch,  
r o l l ,  yaw, and fore-and-aft  aid 
up-and-down t r ans l a t ions ) .  The 
r a t iona le  fo r  excluding l a t e r a l  
t r ans l a t ion  is ,  bas ica l ly ,  t h a t  
la teral  t r ans l a t ion  would be 
needed only f o r  c lose- in  work and 
i n  small amounts, and therefore  
could be adequately e f fec ted  by 
use of a "backing and f i l l i n g "  
technique involving yaw and fore-  

and-af t  control .  
have t o  be demonstrated, but i n  any case la te ra l  t r ans l a t ion  could be 
added t o  the  design a t  a certain cost  i n  complexity. 

This idea i s  admittedly a speculation- t ha t  would 
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An interesting feature of the design shown is that all thruster 

This arrangement, besides being appealingly simple, elimi- 

valving functions are carried out in the compact mechanism between 
the feet, and that, essentially, the feet become the agents for all 
control. 
nates some of the control harmony problems that ensue from picking 
off body deflections higher up. 
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QUESTIONS AND SPECULATIONS 

The experimentation carr ied out t o  date has proved a basic  con- 
cept, but there  remains a number of possibly crucial ,  unanswered 
questions . Some speculative discussion of these follows . 

. 
A r e  More Than Three Degrees of Control Freedom Pract ical?  

This i s  a cruc ia l  question, and it is not l i ke ly  t o  be an- 
swered with any f i n a l i t y  u n t i l  a complete system can be t r i ed ,  e i the r  
i n  f l i g h t  or  i n  a complete-motion simlator. 
aging signs, however. For instance, there  i s  the  c l ea r ly  demon- 
s t r a t e d  naturalness of pitch, r o l l  and yaw control  alone i n  one-g 
and "zero-g," and there  i s  Zimmermanls demonstration tha t  pi tch 
and r o l l  can be combined without upsett ing t h e i r  ins t inc t ive  opera- 
t ion.  These lead easily t o  the speculation tha t  control of a l l  ro- 
t a t ions  simultaneously can be j u s t  as natural  and ins t inc t ive  as 
control  of one alone. I f  t h i s  can indeed be shown, there  i s  room fo r  
a good deal of o p t i m i s m  tha t  control of a t  least f ive  degrees of 
freedom w i l l  be l i t t l e ,  i f  any, harder than the presently demonstra- 
t ed  three.  
fu ture  must demonstrate the simultaneous use of the three ro ta t iona l  
control  modes. 

There are some encour- 

Thus it seems tha t  the  c ruc ia l  experiment f o r  the near 

A r e  A l l  Six Degrees of Control Freedom Necegsarv? 

This question can be asked i n  connection with ideas not only of 
human capacity, but of mechanical complexity. Under the  assumption 
t h a t  complete control of rotat ion i s  v i t a l  t o  the performance of 
space tasks  and i s  r e l a t ive ly  easy t o  accomplish, the question be- 
comes, "Are three degrees of t rans la t iona l  control  freedom necessary?" 
A t  one point during the experimentation described i n  t h i s  report ,  the  
question w a s  phrased, "Could, for instance, control of v e r t i c a l  
t rans la t ion  be successfully eliminated?" The answer turned out (not 
too unexpectedly) t o  be an unqualified "No;" the mechanical process 

e f f e c t  a change i n  v e r t i c a l  posit ion proved t o  be unacceptably 
clumsy. 
ro t a t ion  t o  e f f e c t  a lateral t ranslat ion might not be a t  a l l  clumsy, 
because yawing (as i n  body twisting) i s  quick and easy, and requires  
l i t t l e  space. This philosophy has, i n  fac t ,  dominated the prelimi- 
nary design thinking t o  date. Definite proof of the concept must be 
obtained, however, before any serious, detai led designing of a proto- 
type  system can proceed. 

of "backing and f i l l i n g ,  It or It tacking," (using p i tch  rotat ion) ,  t o  

But it might be speculated tha t  the same process using 
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Does a Space Sui t  Interfere? 

One of the pr incipal  a r t i f a c t s  of space s u i t  technology today i s  
s t i f f n e s s .  
tensive f lexing of h i s  body must be looked a t  askance, and it is only 
na tu ra l  t h a t  doubt should a r i s e  i n  t h i s  respect concerning a control 
system t h a t  requires  flexing of the hips,  knees, and ankles. 
present experimentation has shown, however, t ha t  the gains preferred 
i n  this  system are so high tha t  there  i s  very l i t t l e  v i s i b l e  f lexing 
of the  body, even during sp i r i t ed  maneuvering. 
therefore,  i s  tha t  the foot  and leg  control  concept, f a r  from being 
incompatible with space s u i t  operation, i s  i n  f a c t  par t icu lar ly  ap- 
p r o p r i a t e  t o  it. 

Therefore, any a c t i v i t y  of a spaceman t h a t  requires  ex- 

The 

The speculation here, 

What About System Safety? 

Two kinds of unwelcome system fa i lu re s  are conceivable: one i n  
which the system dies, leaving the spaceman stranded, and one i n  
which the system goes berserk. 
lead t o  the former. 

Of course, the la t ter  would usually 

For the  stranding s i tuat ion,  one can think i n  terms of a s i m -  
p l e ,  emergency backup system (such as the present I1 space gun"), or  i n  
terms of retrieval of the stranded spaceman by h i s  buddy i n  the 
mother vehicle.  
gun could be required, however, since the spaceman might w e l l  be l e f t  
with a ro ta t ion  t o  be gotten r i d  of before he could attempt t o  re turn  
t o  h i s  vehicle. 

A cer ta in  amount of t ra ining i n  the use of a space 

For the berserk-system case one thinks primarily of automatic 
and manual system cutoffs.  A rotat ion cutoff would most l i ke ly  have 
t o  be automatic, because very nasty spin rates can be b u i l t  up i n  
f a i r l y  short  times. It should be possible t o  devise some s o r t  of 
ro t a t ion  sensing mechanism, perhaps based on centr i fugal  or Coriolis 
e f f ec t s ,  which would respond t o  the emergency but not t o  ordinary 
operations. Translation cutoff could probably be done manually. 
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SUMMARY OF MAJOR CONCLUSIONS 

1. The basic concept of precise, hands-free control  of space- 
man maneuvering by exp lo i t a t ion  of ins t inc t ive  muscular responses of 
the  f e e t  and legs i s  pract ical .  

2. Accurate, natural  control of gravity-free motion i n  a plane 
has been demonstrated. 

3 .  A control system should include separate and uncoupled con- 
t r o l  of the individual degrees of freedom, but control  of a l l  six 
may not be necessary. ' 

4 .  Ankle def lect ion f o r  pitch control,  d i f f e r e n t i a l  foot  l i f t -  
ing f o r  r o l l  control  hip twisting fo r  yaw control, squatt ing fo r  
v e r t i c a l  control,  and w a i s t  bending fo r  fore-and-aft control  are in- 
s t i n c t i v e  responses. 

5. Control mode gains (acceleration per un i t  of body deflec- 
t ion)  should be high, resul t ing i n  l i t t l e  or no body f lexure notice- 
able  t o  an observer. 

6.  Both proportional and on-off control are prac t ica l .  Pro- 
port ional  control  i s  s l i g h t l y  preferable t o  the f lye r .  

7. The most natural ,  ins t inct ive,  and precise  control i s  
achieved when control  forces and torques a re  applied as feedback t o  
the appropriate "controllers" (e.g., pitching torque applied t o  
f e e t ) .  If control forces a r e  not applied as feedback, mild center- 
ing devices on the control pickoffs are generally desirable.  
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